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CROSS-WIRE  PfiOBL  FOR  HOT-WIRL  ANLMDMETTE 


J.  E,  Romano  and  H.  E.  Johnetone 


An  improved  cross-wire  probe  for  tho  study  of  turbulence  in  gas  streamB 
is  described.  It  consists  of  two  single-wire  probes  clamped  together.  The 
wiree  are  oriented  with  the  aid  of  a microscope  and  a haemocytometor  in  order 
to  reduce  the  error  due  to  the  deviation  of  the  wire  angles.  A method  is 
presented  for  equalising  the  time  constants  of  the  wiree  to  reduce  errors  in 
compensation. 


Introduction 

Among  the  quantities  which  are  of  interest  in  studying  the  character- 
istics of  turbulent  flow  are  the  intensities  of  the  longitudinal  and  transverse 
components  of  the  velocity  flue tuati one , the  turbulent  shear  stress,  and  the 
uv  correlation  coefficient.  Let  u and  v be  the  longitudinal  and  transverse 
« mponents  of  the  velocity  fluctuations,  respectively;  p the  density  of 
tho  fluid;  the  primes  refer  to  r.  m.  8.  values  and  bars  refer  to  time  average 
values.  Then  the  shear  stress  and  the  uv  correlation  coefficient  are  defined, 
respectively,  oy 

O'-  - P OT  (1) 

and 

jr  fr,\ 

uv  " u'v' 

The  three  quantities  u‘,  v!,  and  uv  can  bo  measured  with  the  hot-wire  anemometer 
using  a cross-wire  probe  placed  in  the  fluid  stream.  Tho  relations  between 
these  quantities  and  the  response  of  the  cross-wiro  probe  frn  given  by  bebubauvr 
end  THebanoff  . The  fluctuating  component?  of  the  voltages  across  fcne 


1Schubauer,  G.  B.,  and  Xleb&noff,  P,  S.,  A.  C.  fl.  No.  ?K2( , N.  A.  C.  A.  (1927), 


wires  for  a constant-current  hot-wire  anemometer  are  given  by 


- d - 


and 


- o.  . S a + ^ I 
1 1 1 1 


So  - - to  - 


— ©2  s ^2  — 
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(3) 

C*0 
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The  sensitivities  of  the  wires  to  velocity  fluctuations  are 


% - 


(r  - a.)‘  _ 


FU 


2IB& 


and 


(5) 


(6) 


£ - 'd  cet  9 

The  subscripts  1 and  2 refer  to  wires  1 and  2,  respectively;  U is  the  mean 
velocity,  R the  resistance  of  the  wire  at  the  wire  temperature , Rg  the 
resistance  of  the  wire  at  the  air  temperature , I the  current  through  the  wire, 
and  the  angle  between  the  wire  and  tho  axis  of  flow.  F is  the  calibration 
coefficient  in  the  eauation 


1^  _ _« 

= A + F1J  ^ 


R - R. 


(7) 


A is  an  empirically  determined  constant  for  the  wire. 

Sources  of  Terror 


In  d^oloping  the  relations  between  the  three  turbulent  quantities  and 

the  velocity  fluctuations  as  given  by  Equations  3 and  4,  Schubauer  and 

Klobanoff'L  assumed  that  ^ = Sg*  ^ 1 = ^2  = ^5°»  find  that  the  attenuation  in 

wire  response  duo  to  the  time  constant  of  the  wire,  which  is  a measure  of  the 

lag  of  the  wire  to  the  fluctuating  velocity  signal,  has  boen  properly  compen- 
2 

sated.  Kunstman  has  shown  that,  although  the  sensitivies  of  the  two  wires 


2r. 


unstman,  R.  W. , Ph.D.  Thesis  in  Chemical  Engineering,  University  of  Illinois 

(1952). 


may  he  different,  little  error  will  be  incurred  if  the  turbulent  quantities 


H 

■* 


1 


- 3 - 


are  calculated  from 

the  following 

equations 

u1  _ 

(-  - 62) 

. < V %> 

(-  <h 

* e2)‘ 

u 

tb  + c 
1 2 

C 

( 

+ b2) 

v1  _ 

(-  e1  + e2) ’ 

( &i  - bs) 

(-e  x 

- eg) 

XT 

8 1 + c'jj 

’ ( - 1 + V 

( 

+s2> 

(8) 

(9) 


or  in  C 

UV  1 f-ei'f-  1 (~*2  'f 
caused  by  deviations  of  (j)  from  45°,  however 

(10) 

, may  bo  consid 

* 

Table  I 

Errors  in  Wire  Sensitivity  £.  caused  by 
Deviations  of  from  4 9 

Per  Cent  Error  (p 

Per  Cent  Error 

40 

+ 16.1 

46 

- 3.6 

4l 

+ 13.1 

47 

- 7.2 

42 

+ 10.1 

4e 

-11.1 

12 

+ 6 .? 

49 

-15.0 

+ 3.4 

50 

-19.2 

as  si  own  in  Table  I. 

Appreciable  orror  will  niso  result  if  the  time  constants  of  the  wires 
are  not  equal.  Dryden  and  Euothe^  have  shewn  that  the  actual  value  of  tho 


'Dryuen,  H.  T„ , and  Kuethe,  A.  H. , T.  R.  JgO,  l1 , A.  C.  A.  (1923). 

fluctuating  voltage  of  an  anemometer  wire  is  lower  in  amplitude  than  predicted 
by  Equations  3 and  4 becauso  of  the  slow  response  of  the  wire  resulting  from 
its  mass.  The  ratio  of  the  actual  r.  m.  s.  voltage  to  that  for  a wire  with 
zero  mass  is  given  by 


1 


(11) 


et  Ml  + Um^M2 


Here,  M is  the  time  constant  of  the  wire,  and  f is  the  frequency  of  the 
fluctuating  Telocity  being  measured.  To  compensate  for  this  attenuation,  a 
circuit  may  he  introduced  in  the  hot-wire  anemometer  with  tho  inverse 
characteristics  of  the  right  hand  side  of  Equation  11.  Since  the  attenuation 
depends  on  the  frequency,  a signal  sent  to  the  wire  containing  many  frequencies 
(o.g.,  a square  wave  signal)  will  be  distorted.  The  compensator  is  adjusted 
until  such  a signal  remains  undistorted.  If  the  response  of  the  two  wires  must 
be  measured  simultaneously,  i.e.,  when  measuring  the  stuns  or  differences  of  the 
Instantaneous  voltages  of  the  two  wires,  the  time  constants  of  both  wires  must 
be  the  same  since  the  compensator  must  compensate  for  the  attenuation  of  both 
wires  simultaneously. 

Adjustment  of  Wire  Angles 

Deviations  from  the  assumed  condition  ti-*  2 = 45°  arise  from  two 
sources:  (l)  the  deviation  of  tho  angle  between  the  two  wiros  from  90°  when 

constructing  the  cross-wire  probe,  and  (2)  the  error  in  alignment  of  the  probo 
axis  with  the  axis  of  flow.  Because  of  the  difficulty  of  accurately  controlling 
the  angle  between  the  wire  and  the  axis  of  the  wire  holder  during  the  construc- 
tion of  a probe,  a cross-wire  probe  vith  both  wires  fixed  on  one  holder  does 
not  lend  itself  to  accurate  control  of  the  wiro  angles,  A system  of  two  cingle- 
wire  probes  is  more  flexible. 

The  properties  of  the  wire  and  supports  for  sacn  single-wire  probe  wore 
chosen  from  a consideration  of  a balance  of  their  limiting  characteristics  as 


4 

discussed  by  Zignen  * The  probe  wiro  used  was  0,000139  Inch  diameter 

^Zignen,  B,  G.  van  dor  Hegge,  Applied  Sci,  ReB.  A2,  351  (l95l)» 

tungsten,  and  the  wire  supports  were  No.  12  nickel  plated  Eoye  embroidery 
needles  spaced  l/l6  inch  apart.  The  wire  i/aa  soldered  to  the  supports  at 
approximately  49s  to  the  probe  axiB  by  mean3  of  a jig,  end  cleaned  with  hot 
benzene  to  remove  excess  flux.  If  any  fsriign  particles  were  detected  on  the 
wire  tinder  a binocular  microscope  .which  could  not  be  removed  with  repeated 
washings  with  hot  benzene  or  with  blasts  of  air,  the  wire  was  removed  and  the 
construction  was  repeated  with  a new  wire. 

The^fcwo  single-wire  probes  were  put  together  to  form  a cress-wire  probe 
and  held  firmly  by  means  of  clamps  as  shown  in  Figure  I.  The  clamps  were  first 
fastened  loosely  and  tho  top  probe  adjusted  until  the  wires  were  at  exactly 
gO°  to  each  other  with  their  midpoints  in  a line  perpendicular  to  the  horizontal. 
A binocular  microscope  and  a hpemocytoraeter  were  used  to  obtain  the  correct 
orientation  as  shown  in  Figure  2.  Tie  clamp  screws  were  tightened  and  the 
distance  between  the  wires  observed  with  a second  microscope.  This  distance 
could  be  adjusted  with  paper  shims  between  the  clamps,  'fhe  error  in  orientation 
of  a wire  with  another  wire  ChU'd  thus  be  reduced  to  less  than  + 0,5°.  This  was 
possible  because  +he  diameter  of  the  wire  and  the  thickness  of  the  crose-ha tches 
on  the  haemocytometer  were  Ciomparable  in  size,  and  because  the  length-to-diameter 
ratio  of  the  wire  was  635, 

In  order  to  reduce  the  error  in  alignment  of  the  probe  axis  with  the  axis 
of  flow,  the  binocular  microscope  and  the  haemocytometer  were  also  used  to  orient 
tho  cross-wire  urebo  in  the  gas  stream. The  grid  lines  on  the  haemocytometer  were 


Q\  WiRE  SUPPORTS— 


n Alin 
wwnwr 


BOTTOM  HALF  OF  CROSS-WIRE  PROBE 


FIGURE  t.  CROSS-WIRE  PROBE 


BINOCULAR  MICRO SCO!^  STAGE 


FIGURE  2.  ASSEMBLY  OF  CROSS- WIRE  PROBE 
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first  fixed  at  45°  to  the  axis  of  flow  by  bringing  the  face  of  the  haemocy  tome  ter 
in  line  with  a jig  (Figure  3),  which  had  been  adjusted  to  ^5°  with  the  axis  of 
flow,  The  binocular  microscope  was  chen  used  to  orient  the  wires  to  coincide 
with  the  grid  lines  on  the  haemocytometer, 

Equalization  of  Wire  Time  Constants 

5 

uorrsln  has  shown  that  the  time  constant  for  a wire  1b  given  by 
5Corrsin,  S.,  T.  N.  1864,  V.  A.  C.  A.  (1949). 


4.2ms  (R-Ra)  4.2ms 

M s*  — ■—  = - p 


I 

a 0 


RaRo 


where  R0  is  the  resistance  of  the  wire  at  0°C.,  m the  mass  of  the  wire,  s its 
specific  heat,  and  the  other  variables  are  as  dofined  previously.  For  a given 
wire,  the  only  terms  in  Equation  12  that  can  be  veried  in  order  to  adjust  M to 
a predetermined  vaiu3  (i.e.,  to  match  the  value  of  f for  a second  wire)  are 
contained  in  the  term  P,  viz.,  the  current  I and  the  heat  transfer  potential 
(R  - fia). 

Figure  4 shows  the  observed  variation  of  the  parameter  P with  the  wire 
temperature  for  one  of  the  single-wire  probes  studied.  The  data  indicate  that  a 
change  of  wire  temperature  of  120°C.  produces  approximately  a thirty  percent 
change  in  the  parameter,  and,  therefore,  a thirty  percent  change  ic  the  wire 
time  constant.  rTiU8,  by  varying  the  current  through  one  cf  the  two  wires,  the 
time  constant  of  vMis  wire  can  be  adjusted  to  match  the  time  constant  of  the 
other  wire. 

The  exact  procedure  for  determining  the  correct  compensator  setting  for 


P,  OHMS  (AMPERES)"2  (fGjT3 


FIGURE  4.  VARIATION  OF  TIME  CONSTANT 
PARAMETER  P WITH  WIRE  TEMPERATURE 


both  wires  is  as  follows.  A square  wave  signal  is  first  sent  to  one  of  the 
two  wires.  Tho  temperature  of  this  wire  is  then  set  equal  to  the  temperature 
used  in  obtaining  he  calibration  coefficients  of  this  wire  (see  Equation  7)» 
This  is  accomplished  by  adjusting  a.  direct  current  through  the  wire  until  the 
wire  attains  a resistance,  corresponding  to  the  calibration  temperature. 

The  compensator  is  then  adjusted  until  the  square  wave  signal  is  no  longer 
distorted,  tteintaining  the  compensator  at  this  setting,  the  square  wave 
signal  is  then  sent  to  the  second  wire  and  the  direct  current  through  the 
second  wire  is  adjusted  until  the  signal  is  no  longer  distorted.  The  resistance 
of  the  second  wire  under  these  conditions,  Rg,  iB  then  me.  aured.  For  the  given 
flow  conditions,  if  the  first  wire  is  operated  at  and  the  second  wire 
operated  at  R^j,  the  two  wires  will  have  the  same  time  constant  and  a single 
setting  of  the  compensator  will  correctly  compensate  for  the  attenuation  by 
each  wire  when  measuring  the  response  of  the  two  wires  simultaneously. 

The  temperature  at  which  the  first  wire  is  operated  for  turbulence 
racr surenents  is  the  tempera ture  at  which  it  was  calibrated.  Sinco  the  current 
through  the  second  wire  is  adjusted  until  its  time  constant  equals  that  of  the 
first  wire,  this  wire  will  be  operated  at  a temperature  different  from  that 
used  for  its  calibration.  This  will  affect  the  Value  of  the  calibration  co- 
efficient in  Equation  7»  *nd»  consequently,  the  wire  sensitivity  as  defined  in 
Equation  5»  A relationship  between  the  calibration  coefficient  and  the  wire 
temperature  is  required.  In  order  to  find  this  relationship,  several  probes 
wero  calibrated  separately  at  different  wire  temperatures  as  shown  in  Figure 
5.  The  observed  values  of  F2^F1  Bro  Given  in  Table  II. 


FIGURE  5.  VARIATION  OF  CALIBRATION 
COEFFICIENT  F WITH  WIRE  TEMPERATURE 
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Table  I I 

Effect  of  Wire  Temperature  on  Calibration  Coefficient  F 

Reference  wire  temperature  * 150 °C. 

1 


Probe 

i 

*v 

°c. 

(Vt2>  2 

Observed 

* 

200 

O.963 

0.971 

* 

230 

0.950 

0.955 

t 

i 

260 

O.932 

0.941 

j B 

200 

O.963 

0.964 

230 

0.950 

0.944 

260 

0.932 

0.923 

C 

200 

O.963 

O.970 

230 

0.950 

0.954 

260 

0.932 

0.937 

The  simple  equation 


i 

\ o 


(13) 


represents  the  effect  of  the  temperature  on  F within  one  percent.  Eere,  T 
denotes  . r.j  arithmetic  average  of  the  wire  temperature  and  the  air  temperature 
in  °K.  The  new  value  of  the  calibration  coefficient  F resulting  from  a change 
in  its  temperature  can  be  determined  wit!!l  this  equation.  Thus,  the  time  constant 
of  two  wires  can  be  equalised  by  adjusting  the  current  through  one  of  the  wires 
•until  a single  setting  on  the  compensator  suffices. 
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This  report  has  been  submitted  for  publication  in  Review  of  Scientific 
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